1. Introduction {#sec1-materials-10-00179}
===============

Flash sintering is a novel technique by which ceramic powder compact is densified during a few seconds under simultaneous furnace heating and an applied electric field. The sudden densification is accompanied by an optical flash \[[@B1-materials-10-00179],[@B2-materials-10-00179]\], hence 'flash sintering', although optical flash is claimed to also be observed in dense polycrystalline specimens and single crystals. Nevertheless, no experimental evidence is reported for the latter claims. The rapid densification often takes place at certain temperature-electric field values; higher fields need lower flash onset temperatures \[[@B3-materials-10-00179]\]. One interesting aspect of the process is that the dissipated electric power per unit volume at the flash event ranges over a few hundreds of W·cm^−3^ \[[@B4-materials-10-00179]\], irrespective of the oxide composition. Recently, Raj \[[@B4-materials-10-00179]\] analyzed this universal behaviour by analysis of the Joule heating. However, his model assumed pure solid-state sintering, without temperature gradients within the powder compact. The conclusion from the above model was that "Joule heating is a necessary but not a sufficient condition for flash sintering" \[[@B4-materials-10-00179]\].

Several attempts were made to model the flash sintering based on the thermal and electrical energy balance of the black body, where Joule heating, thermal convection, conduction, and radiation are considered \[[@B4-materials-10-00179],[@B5-materials-10-00179],[@B6-materials-10-00179],[@B7-materials-10-00179],[@B8-materials-10-00179]\]. Most of the models assume solid-state sintering with constant body temperature. However, the energy balance by a dynamic model, assuming non-uniform temperature, pointed to temperature gradients up to several thousand degrees along the cylindrical specimen diameter \[[@B6-materials-10-00179]\], although much lower temperature gradients of \~100 °C were experimentally reported \[[@B9-materials-10-00179]\]. Although these models relate the flash event to thermal runaway, none of them considered local melting or surface softening at the particle surfaces. The dissipated power of several hundreds of W·cm^−3^ originates from the artificial control of the voltage and its exchange to the current control mode, once the flash occurs. In principle, a continuous constant voltage mode may lead to the same results of rapid powder densification, albeit with possibilities of local electric breakdown and specimen disintegration. In this respect, Park and Chen \[[@B10-materials-10-00179]\] used 8YSZ (8 mol % Yttria Stabilized Zirconia) specimens with different cross-sections, and measured specimen temperatures as high as 2500 °C, very close to the specimen melting point. They related the high electric resistance of the post flash sintered specimens to the extreme heat and thermal shock damage \[[@B10-materials-10-00179]\]. Therefore, the artificial exchange of voltage to current control mode, after the flash event started, does not negate the probability for particle surface melting/softening in the absence of such a mode exchange. Analysis of the observed luminescence wavelength at 1175 nm from the flash of 3YSZ (3 mol % Yttria Stabilized Zirconia), via Planck's law for black body radiation (BBR), revealed temperatures as high as 2360 °C, compared to the highest measured specimen temperature of 1690 °C \[[@B11-materials-10-00179]\]. Nevertheless, deconvolution of the non-analyzed overlapping peak around \~900 nm wavelength (Figure 5a in ref. \[[@B11-materials-10-00179]\]) by the same analysis may result in temperatures up to \~3080 °C. Analysis of the emission peaks assigned at 736 nm and 625 nm from the flash sintering of SrTiO~3~ (Figure 4 in ref. \[[@B12-materials-10-00179]\]) reveals temperatures as high as 3768 °C and 4437 °C, respectively. A finite element model was used to calculate the temperature profile within the 8YSZ specimen subjected to 5 s of flash \[[@B13-materials-10-00179]\]. Internal temperatures higher than 2100 °C were calculated compared to the maximum surface temperature of 1015 °C; the actual specimen temperature measured by the thermocouple was 863 °C. Therefore, photoemission from the flash exhibits very high temperatures that are involved in the sintering process, although the validity of BBR for temperature evaluation during the flash sintering is still controversial.

Shomrat et al. \[[@B8-materials-10-00179]\] analyzed the energy balance for flash sintering of SrTiO~3~ within a dilatometer using a finite differences approximation. The Joule heating and radiation were the main energy components immediate to and at the flash event; their corresponding values were higher by one to two orders of magnitude than the energies associated with convection or conduction. This is not surprising at high temperatures, due to the power-law temperature-dependence of the radiation, compared to the linear relation in convection and conduction. This approximation was also adopted by Dong and Chen \[[@B7-materials-10-00179]\] who derived an expression for the flash onset temperature by equating the Joule heating and the radiated energy. They showed the vertical nature of the Joule heating above the flash onset temperature, albeit this power within a granular system is due to the percolating current, hence, it increases in a power-law regime. These authors also showed the Joule heating to be solely responsible for the thermal runaway \[[@B14-materials-10-00179]\]. Consequently, the accumulated excess power generated by Joule heating during the few seconds beyond the flash onset temperature is very valuable for determining the local temperature raise within the specimen. Although this transient stage is not in equilibrium, its heat transfer conditions are quasi-stationary (see below), and therefore justify the present analysis. The goal of the following analysis is to show that the correct energy balance at the flash event can be obtained while taking into account partial melting of the particle surfaces, due to the local thermal runaway at the particle contacts.

2. Analysis and Discussion {#sec2-materials-10-00179}
==========================

2.1. Energy Balance during the Flash Event {#sec2dot1-materials-10-00179}
------------------------------------------

Recently, an invasive percolating model was used to relate the rapid densification during flash sintering to the attractive capillary forces formed at the particle contacts, due to their local melting \[[@B15-materials-10-00179]\]. The percolative nature of flash sintering is confirmed due to the electrochemical character of the process \[[@B16-materials-10-00179],[@B17-materials-10-00179],[@B18-materials-10-00179]\], the asymmetric flash 'ignition' at one end of the specimen \[[@B1-materials-10-00179],[@B2-materials-10-00179]\], as well as different microstructures formed at the cathode and anode \[[@B18-materials-10-00179]\], and the formation of dense and porous 'islands' at interrupted flash experiments \[[@B16-materials-10-00179]\]. It is interesting to evaluate the flash sintering process energetics with respect to a possible transient process of partial softening/melting of the particle surfaces at the percolation threshold. The question is whether the excess input power suffices for partial surface melting at the percolation threshold to form a transient liquid, in addition to heating the specimen to its average surface temperature (*T~surf~*) as measured by the pyrometer, or by other means.

Following the previous models developed for flash sintering (i.e., \[[@B4-materials-10-00179],[@B5-materials-10-00179],[@B6-materials-10-00179],[@B7-materials-10-00179],[@B8-materials-10-00179]\]), the excess between the powers generated by Joule heating and dissipated by radiation and convection, is the source for the temperature increase within the specimen. This excess power per specimen unit volume can be fairly well expressed by: $$\Delta Q_{excess} = \frac{V^{2}}{R_{s}\left( T \right)} - h\frac{A_{s}}{V_{s}}\left( {T_{surf} - T_{fur}} \right) - \frac{A_{s}}{V_{s}}\varepsilon_{em}\sigma_{SB}\left( {T_{surf}^{4} - T_{fur}^{4}} \right)$$ where *V* is the applied voltage per unit thickness, *R~s~*(*T*) is the temperature-dependent electric resistance of the specimen, *A~s~* is the surface area for convection/radiation, *V~s~* is the specimen volume, *h* is the convection coefficient, *ε~em~* is the emissivity, *σ~SB~* is the Stefan-Boltzmann constant for black body radiation, and *T~surf~* and *T~fur~* are the specimen (free) surface temperature and furnace temperature, respectively.

Since the numerical solution and the calculated values have important consequences for the model validity, we took into consideration all the heat components, even though some of them might be negligible.

Assuming the same excess power per unit volume spent for heating the specimen and partial melting/softening of the particle surfaces (at the contact points) that fulfils the percolation threshold for the current through the liquid component with lower electric resistance, leads to: $$\Delta Q_{excess} = \frac{\rho_{g} \cdot \rho_{0}C_{p}}{\Delta t}\left( {T_{surf} - T_{fur}} \right) + T_{cont} \cdot \frac{\Delta S_{m}}{W_{mol}} \cdot f_{per}\frac{\rho_{g} \cdot \rho_{0}V_{s}}{\Delta t}$$ where *ρ~g~* is the relative green density, *ρ*~0~ is the theoretical density, *c~p~* is heat capacity, Δ*t* is the flash event duration in the voltage control mode, *T~cont~* is the temperature at the particle contacts, $\Delta S_{m}$ is the entropy of melting, *W~mol~* is the molar weight, and $f_{per}$ is the current percolation threshold. The current percolation threshold is the critical volume fraction of the 'conducting' medium, which is needed to provide a continuous path for the electric current percolation through the material between the two electrodes.

The first term on the right hand side of Equation (2) represents the energy input to increase the temperature of the solid particles; its corresponding temperature *T~surf~* is measured as the surface temperature of the specimen (no particle contacts). However, the second term on the right hand side of Equation (2) represents the temperature increase to *T~cont~*, at the particle contact loci, where softening/melting takes place. This second term originates from Δ*H~m~ = T~m~·*Δ*S~m~* at melting. However, in order to verify whether *T~cont~* reaches the melting point, we left it as variable *T~cont~*, and its final value will be determined from the energy balance; if the resultant *T~cont~* ≥ *T~m~*, (*T~m~* is the melting point) then the present analysis is correct, and melting or higher temperatures are achieved at the particle contacts. The corresponding volume of the melted particle contacts is the product of the percolation threshold, *f~per~*, and the specimen volume. In addition, we emphasize that *T~cont~* does not represent the *specimen* surface temperature, *T~surf~*, at the flash event, since the external surfaces of the specimen are free of particle contacts.

Rearrangement of Equation (2) yields the temperature at the particle contacts as: $$T_{cont} = \frac{1}{\Delta S_{m} \cdot f_{per}}\left\lbrack {\frac{\Delta Q_{excess} \cdot \Delta t \cdot W_{mol}}{\rho_{g} \cdot \rho_{0}} - c_{p}\left( {T_{surf} - T_{fur}} \right)} \right\rbrack$$

Since we use the entropy of melting (fusion), Equations (2) and (3) are valid providing that the calculated temperature at the particle contacts is equal to or higher than the melting point of the oxide (i.e., *T~cont~* ≥ *T~melt~*), as mentioned above. The first term on the right hand-side of Equation (1) represents the Joule heating. However, flash sintering at the flash event is a dynamic process, during which the material properties may change. Exchange of the voltage to current control mode during the flash event (the so-called stage I to stage II), leaves a power peak, the height of which is the maximum input power. The overall power peak was previously approximated by a triangle shape spike with a width at half maximum of 1 s \[[@B19-materials-10-00179],[@B20-materials-10-00179]\]. Here we calculate the excess power generated at the voltage control mode only, from the flash start (onset temperature) to the maximum of the power peak. Typical durations of the total flash event peak range between 3 to 10 s \[[@B8-materials-10-00179],[@B19-materials-10-00179],[@B20-materials-10-00179]\]. For consistency, and following Raj \[[@B20-materials-10-00179]\], we used published experimental power data during the flash event, at constant voltage, as Joule heating \[[@B19-materials-10-00179]\], whenever the flash event duration was provided. We calculated the Joule heat using the area of a sharp right-angle triangle spike (i.e., the first half of the triangular spike) the height of which is the peak maximum (*Q~peak~*), and its abscissa is the actual flash event duration at the constant voltage regime (only), according to: $$Q_{Joule} = \frac{Q_{peak}~ \cdot ~\Delta t}{2}$$

All the parameters in Equations (1)--(4) are often measured or known during flash sintering, except *T~cont~* at the particle contacts. Calculating the Joule heating via Equation (4), using the peak area and its corresponding time *Δt*, and substituting it into Equations (1) and (3), we estimated the temperature at the particle contact points, *T~cont~*. If the calculated temperature at the particle contacts is equal to or higher than the melting point of the oxide (i.e., *T~cont~* ≥ *T~melt~*), then the solution is valid and may indicate local melting at the particle contacts.

For simplicity, we used the properties of the dense materials when their measured values were absent, and the correct material density where needed. This trend leads to a more conservative treatment with respect to the contact temperature of interest (results in lower values). We used the following values: emissivity of 0.9 for oxides \[[@B4-materials-10-00179]\], the Stefan-Boltzmann constant for black body radiation of 5.67 × 10^−8^ W·m^−2^·K^−4^, and the percolation threshold of 0.247 for the invasive percolation model \[[@B21-materials-10-00179]\]. In addition, we emphasize that *T~cont~* does not represent the *specimen* surface temperature, *T~surf~*, at the flash event, since the external surfaces of the specimen are free of particle contacts. The measured surface temperatures in [Table 1](#materials-10-00179-t001){ref-type="table"} (the end of the 1st stage) were used for *T~surf~* in Equation (1).

Using the measured (not calculated) published data for 3YSZ \[[@B19-materials-10-00179],[@B20-materials-10-00179]\] and SrTiO~3~ \[[@B8-materials-10-00179]\], where flash event durations were clearly indicated, their properties \[[@B22-materials-10-00179],[@B23-materials-10-00179],[@B24-materials-10-00179],[@B25-materials-10-00179],[@B26-materials-10-00179]\] and flash sintering conditions, together with their corresponding calculated temperature, *T~cont~*, are listed in [Table 1](#materials-10-00179-t001){ref-type="table"}. In both oxides, the temperatures at the particle contacts are far above their corresponding melting points, i.e., 3114 °C versus 2680 °C for 3YSZ, and 4216 °C versus 2080 °C for SrTiO~3~, and confirm the possibility for local melting/surface softening at these loci. These calculated temperatures are in agreement with those calculated from the flash photoemissions mentioned above \[[@B11-materials-10-00179],[@B12-materials-10-00179]\]. Numerical simulations by Holland and coworkers \[[@B27-materials-10-00179]\] on the local joule heating during field assisted sintering of ionic ceramics revealed significant temperature gradients between the particle's core and the contact point at its surface. These calculations further support the existence of temperature gradients along the particle radius. Therefore, the energy balance during the transient stage of the flash event may be achieved by particle melting/softening of the particle surfaces at their contact points, subjected to thermal runaway.

2.2. Possibility for Plasma Formation {#sec2dot2-materials-10-00179}
-------------------------------------

The very high temperatures calculated above are higher than the melting points; they may reveal the formation of atmospheric-pressure plasma, due to the electron release from the charged particle surfaces subjected to locally high electric fields, and ionization of the surrounding air/atmosphere. The atmospheric-pressure plasma due to the breakdown of air, according to Paschen's law, can form at 340 volt and 550 volt for parallel inter-particle gaps of 9.2 μm and 2.6 μm, respectively \[[@B28-materials-10-00179]\]. In such a plasma, formed by the gas breakdown, both temperatures of the excited electrons and gas ions merge to values close to 6000 K at atmospheric pressure (760 Torr). Nevertheless, controlled breakdown experiments in air with electrode separations from 400 nm to 45 μm showed that Paschen's law is not valid for separations below 10 μm \[[@B29-materials-10-00179],[@B30-materials-10-00179]\]; breakdown voltages are either equal to the Paschen minimum \[[@B30-materials-10-00179]\], or decrease with the decrease in distance between the electrodes \[[@B29-materials-10-00179]\]. Therefore, the theory of avalanche electrons accelerated by the local electric field, which causes the ionization of the surrounding air molecules (Paschen's law), does not hold for narrow micrometer and nanometer size separations, which characterize the ceramic powder compacts. This plasma at the sub-micrometer and nanometer separations (i.e., pore size) is explained by the edge-type breakdown, where the sparks select an energetically favorable distance, due to the electrode (particle) shape and curvature (radius) \[[@B31-materials-10-00179]\], with the dominant effect of field emission of the electrons \[[@B32-materials-10-00179]\]. A previous analytical model, which was developed for the plasma formation during the spark plasma sintering \[[@B33-materials-10-00179]\], and was verified experimentally to cause particle surface melting \[[@B34-materials-10-00179],[@B35-materials-10-00179]\], may be applicable for the flash sintering. Numerical simulations of the local field strength during the early stage of field assisted sintering in dielectric materials exhibited the buildup of high local fields at the particle contacts, which may explain the propensity for plasma formation at these loci \[[@B36-materials-10-00179]\]. In addition, flash sintering of α-alumina with different levels of pre-sintering was analyzed and referred to Frenkel's 'pre-breakdown' behavior in the presence of high local electric fields \[[@B37-materials-10-00179]\].

2.3. The Heat Transfer Regime {#sec2dot3-materials-10-00179}
-----------------------------

An important question is whether the high temperature gradient formed between the solid particle, *T~surf~*, and its melted surface, *T~cont~*, can lead to immediate temperature homogenization, and prevent the contact from overheating. Lebrun et al. \[[@B9-materials-10-00179]\] estimated typical thermal diffusivity for the present 3YSZ as 7.4 × 10^−7^ m^2^·s^−1^. Therefore, the thermal relaxation time for temperature homogenization across a nanoparticle of 33 nm radius is \~1.5 ns, compared to the 1 s duration of the flash event; hence, thermal homogenization is an immediate process. On the other hand, these times also provide conditions for quasi-stationary heat transfer from the nanoparticle to its surroundings, by convection and radiation. A similar behavior is expected for the SrTiO~3~ powder.

The problems of heat transfer within and from hot nanoparticles was thoroughly treated, especially using laser-induced incandescence-based diagnostic techniques \[[@B38-materials-10-00179],[@B39-materials-10-00179],[@B40-materials-10-00179],[@B41-materials-10-00179]\]. For the case of stationary nanoparticles in the gas medium heated by a laser (either nano-second pulses or continuous irradiation), several heat conduction and mass transfer regimes were observed. The heat transfer regime in such systems depends on the Knudsen number (*Kn*), which is expressed as a ratio between the mean free path (*λ~MFP~*) of the gas molecules surrounding the particle at the temperature and pressure of interest, and the characteristic length scale of the particle (i.e., particle radius, *r*) \[[@B40-materials-10-00179]\]: $$Kn = \frac{\lambda_{MFP}}{r}$$

The value *λ~MFP~* is temperature dependent, and expressed by: $$\lambda_{MFP} = \frac{\mu}{p}\sqrt{\frac{\pi k_{B}T}{2m}}$$ where *μ* is the gas viscosity, *m* is the gas molecular mass, *k~B~* is the Boltzmann's constant, and *p* and *T* are the gas pressure and temperature, respectively.

The quasi-stationary heat transfer from the hot nanoparticle to its surrounding gas may take place at three different regimes, depending on its Knudsen number. At sufficiently small Knudsen numbers (*Kn* ≤ 0.01), heat transfer occurs by the continuum regime. At sufficiently large Knudsen numbers (*Kn* ≥ 10) the free-molecular regime dominates, whereas at intermediate Knudsen values (0.01 ≤ *Kn* ≤ 10), the conduction is in the transition regime (composed of both continuum and free-molecular behaviors, and interpolates between the two). Heat transfer in the continuum regime is diffusion-controlled and depends on the gas temperature distribution near the particle. In contrast, the physics of the free-molecular regime is controlled by the collisionless (Langmuir) layer surrounding the particle, which causes a temperature jump within the limiting sphere; the sphere layer thickness is of the order of *λ~MFP~*. Similar physical effects are observed by the molecular dynamic simulation of heated solid nanoparticles up to melting, while the surrounding liquid did not boil \[[@B42-materials-10-00179]\]. The surface temperatures at the limiting sphere may be as high as three times the gas/liquid temperature far from the particle.

The corresponding value of *λ~MFP~* for air at 1 atm pressure and at room temperature (300 K) is 68 nm; its value increases to 580 nm at 1700 K \[[@B40-materials-10-00179]\]. In the following discussion, we will refer to the Knudsen numbers between the room temperature and the maximum furnace temperatures measured during the flash experiments (denoted as T~fur~ in our treatment). Using the mean free path calculated for air in 1 atm pressure versus temperature (Figure 4 in ref. \[[@B40-materials-10-00179]\]), the corresponding Knudsen numbers for the present 3YSZ nanoparticles (*r* = 33 nm) vary between 2 and 8.18 at 25 °C and 877 °C, respectively. The corresponding values for the SrTiO~3~ micrometer particles (*r* = 500 nm) vary between 0.136 and 0.50 at 25 °C and 815 °C, respectively. These Knudsen values, overall, fall into the transition regime range, which point to much slower heat transfer by convection within the distance, comparable to *λ~MFP~* from the particle surfaces. These Knudsen values are tangent to the free molecular heat transport regime, and support local increase of the temperature immediate to the particle surface, due to the presence of the collisionless layer surrounding the particles. Therefore, the smaller the particle, the higher the temperature established at its surface, at given flash process parameters; consequently, at a given temperature, a lower voltage is needed to initiate the flash event. Alternately, at a given voltage, a lower temperature is needed to initiate the flash event, consistent with the particle size effect observed during flash sintering \[[@B43-materials-10-00179]\].

Therefore, Joule heating preferably formed at the particle contacts, and dissipated first within the particles. However, prior to the particle melting, the accumulated heat should also conduct away from the particle surfaces into the gas/adjacent contacting particles. Due to the heat transfer in the transition regime, each nanoparticle contains a sphere of high temperature gas at its surface, the thickness of which is lower than *λ~MFP~*. Consequently, the adjacent particles must absorb the input energy, due to their symmetrical position with respect to their contact plan. In addition, the thickness of the limiting sphere of the molecular-free region increases with the temperature increase, and overlaps the growing number of the neighbor particles, as long as they are not sintered. This scenario is very close to the formation of a transient plasma plume at the flash event, consistent with visual observations up to now.

3. Summary and Conclusions {#sec3-materials-10-00179}
==========================

As was previously suggested \[[@B15-materials-10-00179],[@B44-materials-10-00179]\] and experimentally reported \[[@B2-materials-10-00179],[@B5-materials-10-00179],[@B44-materials-10-00179]\], thermal runaway in the powder compact, which is subjected to flash sintering, may lead to local melting at the particle contact points. The present energy balance during the transient flash event confirms that particle surfaces subjected to thermal runaway may partially melt/soften at their contact points, and wet the particle to provide a preferred pass for current percolation. The densification of the powder compact takes place by local rearrangement of the particles, due to attractive capillary forces of the melt and/or enhanced surface diffusion. The invasive nature of the melt/softened surface at the contacts leads to an advancing front, which forms the percolative pass for the current flow through the liquid 'circuit'. Once the percolative pass formed, densification takes place within fractions of a second. Careful observation of the snapshots from the flash event confirms its 'ignition' at one end (electrode) of the specimen prior to its propagation, in agreement with the percolation theory. Further confirmation of the flash sintering as a percolative system is due to the electrochemical character of the flash sintering process with an asymmetric nature. Considering the very high temperatures calculated above for the particle contacts, the formation of plasma also seems to be a plausible reason for the immediate powder shrinkage, due to particle surface softening; this may explain the visible optical flash observed during the short flash sintering events.
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materials-10-00179-t001_Table 1

###### 

Materials and process parameters for two flash sintered oxide systems.

  Parameter             (Units)           SrTiO~3~ \[[@B8-materials-10-00179]\]        3YSZ \[[@B19-materials-10-00179],[@B20-materials-10-00179]\]
  --------------------- ----------------- -------------------------------------------- --------------------------------------------------------------
  *ρ*                   g·cm^−3^          5.11                                         6.05
  W mol                 g·mol^−1^         183.52                                       123.22
  *ρ* green             \%                60                                           52.5
  A~s~                  cm^2^             1.20                                         1.57
  V~s~                  cm^3^             0.09                                         0.196
  A~s~/V~s~             cm^−1^            13.33                                        8.00
  P applied pressure    MPa               dilatometer                                  sinter-forge @ 5 MPa
  V                     Volt·cm^−1^       600                                          100
  c~p~ at °C            J·mol^−1^·K^−1^   126 at 886 K \[[@B22-materials-10-00179]\]   85 at 1000 K \[[@B23-materials-10-00179]\]
  h                     W·m^−2^·K^−1^     20 \#                                        20 \#
  k                     W·m·K^−1^         11.2                                         2.8 \[[@B24-materials-10-00179]\]
  Δ*t* flash event      s                 2.75                                         2.5
  T surface             °C                886                                          1000
  T furnace             °C                815                                          877
  T melting             °C                2080                                         2680
  ΔS melting (fusion)   J·mol^−1^·K^−1^   53.20 \[[@B25-materials-10-00179]\]          26.77 \[[@B26-materials-10-00179]\]
  T particle contact    K (°C)            4489 (4216)                                  3387 (3114)

\# For natural convection.
